Background: This study examined temporal expression of the (pro)renin receptor ((P)RR), during renal, heart, lung, and brain organogenesis in the mouse. Methods: (P)RR expression was determined by quantitative reverse-transcription PCR, western blotting, and immunohistochemistry. results: Brain, kidney, and lung (P)RR mRNA levels increased progressively during gestation and peak on postnatal day (P)10. (P)RR protein contents were high during gestation in all organs studied and declined with maturation. Brain (P)RR was expressed most prominently in the ependymal lining of the ventricles. In the embryonic day (E)16.5 and E18.5 metanephros, (P)RR was present in the ureteric bud and ureteric bud-derived collecting ducts. In the fetal heart, (P)RR was expressed diffusely in the myocardium, whereas pulmonary (P) RR was detected at highest levels in the epithelium of branching airways. Treatment of newborn kidneys with the angiotensin (Ang) II type 1 receptor (AT 1 R) antagonist candesartan increased (P)RR mRNA levels. conclusion: (P)RR gene and protein expressions in the brain, kidney, heart, and lung are developmentally regulated in a tissue-specific manner. Endogenous Ang II, acting via the AT 1 R, exerts a negative feedback on (P)RR in the newborn kidney. These findings suggest that high (P)RR protein levels observed during gestation may play a role in brain, kidney, heart, and lung organogenesis.
t he renin-angiotensin (Ang) system plays a central role in the regulation of arterial blood pressure, fluid/electrolyte homeostasis, and kidney development. In the renin-Ang system, renin cleaves angiotensinogen to generate Ang I (1). Ang I is converted by angiotensin-converting enzyme to Ang II, which acts via the Ang II type 1 receptor (AT 1 R) and Ang II type 2 receptor (AT 2 R) (1) . Renin is synthesized in juxtaglomerular cells of the afferent arterioles of the kidney as (pro) renin and is then converted to active renin by cleavage of a 43-amino-acid N-terminal prosegment by proteases (2) (3) (4) . Binding of (pro)renin to the (pro)renin receptor ((P)RR) results in increased processing of angiotensinogen to generate Ang II and to activate intracellular signaling pathways that are independent of the angiotensinogen/Ang II axis (5, 6) .
The (P)RR protein is a single transmembrane domain receptor encoded by the ATP6AP2 (ATPase-associated protein 2)/(P)RR gene (subsequently referred to as (P)RR) located on the X chromosome in humans (5) . The (P)RR protein exists in three forms: (i) a full-length 35-39 kDa form composed of 3 domains: an extracellular domain, a single transmembrane domain, and a cytoplasmic domain; (ii) a 28 kDa soluble form found in plasma and urine; and (iii) a truncated form containing transmembrane and cytoplasmic domains (4) .
During adult life, (P)RR is abundantly expressed in the kidney, heart, and brain (7) (8) (9) . Although our understanding of the precise role of the (P)RR in development and disease is rudimentary, emerging evidence indicates that (P)RR plays an important role in cardiovascular, renal, and brain development and function. Cardiomyocyte-specific ablation of the (P)RR in mice results in early mortality due to heart failure (10) . Targeted genetic inactivation of the (P)RR in the podocyte in mice causes podocyte foot process retraction, nephrotic syndrome, and death from renal failure during early postnatal life (11, 12) . Studies in zebrafish demonstrate that (P)RR mutations result in brain malformations and early embryonic lethality (13) . Moreover, hypomorphic mutations in the (P)RR are causally linked to the development of X-linked mental retardation in humans (14) . Given that the precise function of the (P)RR during kidney, lung, heart, and brain development is still emerging, we examined the spatiotemporal ontogeny of the (P)RR in the kidney, lung, heart, and brain in the mouse.
RESULTS

Developmental Changes in (P)RR Gene Expression
The quantitative levels of (P)RR mRNA, as determined by real-time reverse-transcription PCR (RT-PCR), are shown in Figure 1a -d. In each tissue, the relative levels of (P)RR mRNA on embryonic day (E)12.5 were assigned a value of 1. During early embryonic development (E12.5-E14.5), (P)RR mRNA expression was low in all the tissues studied except in the heart and increased significantly thereafter. However, the temporal changes in (P)RR mRNA abundance differed with each organ. In the kidney, brain, and lung, (P)RR mRNA levels increased progressively with maturation. By contrast, cardiac (P)RR mRNA levels were high throughout gestation and the perinatal period, declined on postnatal day (P)10, and remained low in adult life. Whereas in the adult brain and lung (P)RR mRNA levels did not differ from levels observed on P10, (P)RR mRNA content was lower in adult as compared with P10 kidney.
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Developmental Changes in (P)RR Protein Levels
Western blot analysis revealed the presence of a single (P)RR band with the molecular weight of 37 kDa in the developing kidney and heart (Figure 2) . Additional less abundant 42 kDa product was detected during early gestation in the developing brain and lung. (P)RR protein that migrates at 45 kDa on western blot was reported previously in human mesangial cells, where it mediates the activation of Erk1/2 on binding of renin to (P)RR (5) . Although the roles of 37 and 42 kDa (P)RR isoforms in the embryonic brain and lung remain to be determined, the presence of two isoforms possibly reflects differences in (P)RR glycosylation. (P)RR protein present was detected in all developing organs studied as early as on E12.5. In the developing heart, (P)RR mRNA was expressed at relatively high levels throughout gestation and declined on P10 and in adulthood (Figure 1c) . Cardiac (P)RR protein levels were low on E12.5-E14.5, increased on E16.5, declined during later gestation and on P1, and decreased further on P10 and in adulthood (Figure 2d) . In contrast to the temporal profile of (P)RR mRNA levels, (P)RR protein contents were high throughout gestation and declined gradually during postnatal development in the kidney, brain, and lung (Figures 1a,b,d and 2).
Immunohistochemistry for (P)RR
On E14.5, (P)RR was weakly expressed in a diffuse stippled manner throughout the brain (Figure 3) . On E16.5 and E18.5, (P)RR was expressed most prominently in the ependymal lining of the ventricle and the mesenchyme. On E14.5, the (P)RR protein was expressed in the developing metanephros in the tubules and ureteric bud branches (Figure 4) . On E16.5, (P)RR was most prominent in the tubules that morphologically resemble collecting ducts. On E18.5, (P)RR was present in the tubules followed by glomerular mesangium. In the fetal heart, (P)RR was expressed diffusely in the myocardium (Figure 5 ). In the lung, (P)RR was expressed at highest levels in the epithelium of the bronchial tree and in mesenchymal cells adjacent to airway epithelium ( Figure 5 ).
Effect of Animal Sex on (P)RR Gene Expression
Whereas (P)RR protein levels were lower in female brain and lung, they were higher in the female kidney and did not differ in the heart (Figure 6). (P)RR/β-actin protein ratios (female:male) were as follows: brain: 0.21 ± 0.03 vs. 0.32 ± 0.03, P < 0.01; lung: 0.17 ± 0.01 vs. 0.24 ± 0.02, P < 0.01; kidney: 0.26 ± 0.02 vs. 0.20 ± 0.02, P < 0.01. (P)RR/glyceraldehyde 3-phosphate dehydrogenase protein ratios (female:male) in the heart did not differ (0.19 ± 0.03 vs. 0.21 ± 0.02, P = 0.26) (n = 3 animals per group) ( Figure 6 ). These findings demonstrate that (P)RR expression in the brain, kidney, and lung during postnatal development is regulated in a sex-specific manner.
Regulation of (P)RR by Ang II in the Newborn Kidney
Treatment with candesartan (n = 3 kidneys) increased (P)RR mRNA levels as compared with treatment with media (control, n = 3 kidneys) (1.5 ± 0.1 vs. 1.0 ± 0, P < 0.01). By contrast, treatment with the AT 2 R antagonist PD123319 (n = 3 kidneys) did not alter (P)RR mRNA levels as compared with those of controls (0.93 ± 0.1 vs. 1.0 ± 0, P = 0.57). Therefore, endogenous Ang II exerts a tonic negative feedback on renal (P)RR in the P1 kidney via the AT 1 R. In a: *P < 0.05 vs. E14.5-adult, **P < 0.05 vs. E16.5-P10; in b: *P < 0.05 vs. E16.5-adult, **P < 0.05 vs. E18.5-adult; in c: *P < 0.05 vs. E12.5-P1; in d: *P < 0.05 vs. E18.5-adult, **P < 0.05 vs. E12.5-P1. E, day of embryonic life; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; P, day of postnatal life; (P)RR, (pro)renin receptor. Articles Song et al.
DISCUSSION
The current study demonstrates that (P)RR is expressed in the developing kidney, lung, heart, and brain during embryonic development in the mouse. Moreover, (P)RR mRNA and protein are developmentally regulated in a tissue-and sex-specific manner.
We have chosen a mouse model to test the hypothesis that (P)RR gene expression is developmentally regulated in a tissue-specific manner because (P)RR-floxed mice have been generated and represent a valuable tool to further study the role of (P)RR during development (10) (11) (12) . In the fetal mouse kidney, renin mRNA is first detected on E14.5 by in situ hybridization in a few scattered foci of cells (15) . By E15.5, renin, a major ligand for (P)RR, is widely expressed in branches of the renal, interlobar, and arcuate arteries. With fetal maturation, renin expression shifts to its mature localization in juxtaglomerular cells (15) (16) (17) . Renin synthesis and renin mRNA and Ang II levels are 20-fold and sixfold higher, respectively, in newborn than in adult kidneys (16) (17) (18) (19) . Global genetic inactivation of renin in mice causes arterial wall thickening, hypoplastic papilla, hydronephrosis, interstitial fibrosis, and glomerulosclerosis (20) . Functionally, renin-null animals are polyuric and have a reduced ability to concentrate urine. One role for relatively high (P)RR protein levels observed in the developing kidney may be to bind and increase catalytic activity of (pro)renin to generate Ang I from angiotensinogen, resulting in the production of physiologically relevant concentrations of Ang II required for proper metanephric development (21) . Another function of (P)RR may be to modulate metanephric morphogenesis via renin/Ang II-independent activation of (P)RR downstream signaling pathways such as phosphatidylinositol 3-kinase/Akt or mitogen-activated protein kinases such as Erk1/2, canonical and noncanonical Wnt signaling, or interactions with vacuolar H + -ATPase (22) (23) (24) (25) (26) . An important role for Erk1/2 and phosphatidylinositol 3-kinase/Akt in kidney development is demonstrated by the finding that inhibition of Erk1/2 or phosphatidylinositol 3-kinase/Akt decreases ureteric bud branching (27, 28) . Given that (P)RR is expressed at the apical surface of type A renal intercalated cells, where it colocalizes with the vacuolar H + -ATPase (8), (P)RR-vacuolar H + -ATPase cross talk may be important in differentiation of collecting duct cells involved in acid-base homeostasis.
A critical role for cardiac (P)RR is evident from the observation that cardiomyocyte-specific ablation of the (P)RR in mice results in early mortality due to heart failure (10). Transgenic overexpression of the (P)RR in rats causes elevated blood pressure (29) . Of note, polymorphism in the (P)RR gene is associated with a high blood pressure in men (IVS5+169C>T) and left-ventricular hypertrophy in women (+1513A>G) (30, 31) . High (P)RR mRNA and protein levels observed in the fetal heart suggest a role for (P)RR in heart development.
(P)RR is expressed in the adult brain, where it plays a role in the neural control of cardiovascular functions, regulation of Erk1/2 signaling, and neuron differentiation (5, 32) . The possibility that (P)RR may be important for brain development is supported by the findings that Xenopus embryos injected with (P)RR antisense morpholino oligonucleotides have small head size (25) . Moreover, hypomorphic mutation in the (P)RR is causally linked to the absence of Erk1/2 phosphorylation and the development of X-linked mental retardation in humans (14) . Although the role of the (P)RR in the developing or adult lung remains to be determined, relatively high expression levels of the pulmonary (P)RR protein throughout ontogeny support a novel role for (P)RR in lung morphogenesis. 
Ontogeny of (P)RR
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We observed an apparent divergence between (P)RR mRNA and protein levels in several organs. Whereas (P)RR mRNA levels are relatively low during early gestation in the kidney, brain, and lung, (P)RR proteins are easily detected. By contrast, (P)RR mRNA/protein ratios increase in these organs during later gestation and postnatal development. Relatively low (P)RR mRNA/protein ratios observed during early gestation may be due to increased stability of nonabundant (P) RR mRNA or to resistance of (P)RR protein to degradation. An additional mechanism that may account for the apparently divergent expression levels of (P)RR mRNA and protein may involve microRNAs that act to inhibit translation without targeting the message for degradation. In this regard, the expression of a gap junction channel, connexin43, is subject to developmental regulation by microRNAs during skeletal muscle development in the mouse (33) . Further studies are necessary to delineate the molecular and cellular signals mediating the developmental changes in the (P)RR expression.
The current study also demonstrates sex-associated difference in the expression of (P)RR in the developing kidney, brain, and lung, suggesting that it may function differently in a male than in a female. These findings are consistent with the observation that (P)RR mRNA abundance is greater in decidual explants collected from women carrying a female fetus (34) .
In summary, the current study demonstrates that (P)RR is expressed in the developing kidney, heart, lung, and brain as early as on E12.5 in the mouse. Moreover, (P)RR mRNA and protein expression are developmentally regulated in a tissue-specific manner. (P)RR expression in the developing kidney, brain, and lung is regulated in a sex-specific manner. Endogenous Ang II, acting via the AT 1 R, exerts a negative feedback on (P)RR gene expression in the newborn kidney. We postulate that relatively high (P)RR protein levels observed during gestation may play a role in kidney, lung, brain, and heart organogenesis.
METHODS
Animals
Tissues were dissected from CD1 mice (Charles River Laboratories, Wilmington, MA) on E12.5-E18.5 and on P1, P10, and P60 (adult male). All experiments involving mice were approved by the Tulane Institutional Animal Care and Use Committee.
Quantitative Real-Time RT-PCR
Quantitative real-time RT-PCR was used to determine the expression of (P)RR mRNA in the whole metanephroi, heart, lung, and brain. SYBR Green quantitative real-time RT-PCR with (P)RR-specific primers (SABiosciences, Frederick, MD) was conducted as described previously (35) . The quantity of (P)RR mRNA expression was normalized to that of glyceraldehyde 3-phosphate dehydrogenase mRNA expression. For E12.5-E18.5, organs were pooled from one litter. For P1-P60, animals were segregated according to their age group, and the groups included four animals each. Three RNA samples from three separate organ pools for each gestational age studied and four RNA samples per each postnatal age group studied were analyzed in triplicate in each run. PCR reaction was performed three times.
Western Blot Analysis
Organs were homogenized in cold lysis buffer containing a cocktail of enzyme inhibitors (35) . The samples were centrifuged, and the supernatants containing proteins (40 µg/lane) were resolved on 10% sodium dodecyl sulfate-polyacrylamide gels and transferred to nitrocellulose membranes. The membranes were incubated with the specific goat primary polyclonal (P)RR (1:200, AB5959; Abcam, Cambridge, MA), β-actin (1:5,000; Sigma, St Louis, MO) or glyceraldehyde 3-phosphate dehydrogenase (1:5,000; Santa Cruz Biotechnology, Santa Cruz, CA) antibodies. Because β-actin cannot be used as a loading control for protein expression in the heart muscle (36), western blots for (P)RR expression in the heart tissue were reprobed with glyceraldehyde 3-phosphate dehydrogenase antibody. Immunoreactive bands were visualized using the enhanced chemiluminescence detection system (ECL; Amersham, Piscataway, NJ) as previously described (35) .
Immunohistochemistry for (P)RR and Wilms' Tumor 1
To determine the identity of (P)RR-expressing cells in the developing kidney, lung, heart, and brain, we mapped the cellular expression of (P)RR protein during mouse organogenesis by immunohistochemistry. Immunolocalization of (P)RR protein was performed in CD1 mouse embryos from E14.5 to E18.5 (n = 3 per age group). Immunostaining was performed by the immunoperoxidase technique using the Vectastain Elite kit (Vector Laboratories, Burlingame, CA) and a polyclonal goat (P)RR antibody (1:200, AB5959; Abcam). Specificity of immunostaining was documented by the elimination of immunoreactivity after omission of the primary antibody.
Regulation of (P)RR by Ang II in the Developing Kidney
To determine whether endogenous Ang II regulates (P)RR in the developing kidney, we examined the effect of specific Ang II AT 1 R and AT 2 R antagonists on (P)RR mRNA expression in newborn metanephroi grown ex vivo. P1 CD1 mouse kidneys were grown on air-fluid interface on polycarbonate transwell filters (0.5 μm; Corning Costar, Lowell, MA) inserted into sixwell plates containing Dulbecco's modified Eagle's medium/ F12 medium (Gibco BRL, Carlsbad, CA) alone (n = 3) or in the presence of the AT 1 R antagonist candesartan (10 −6 mol/l; Sigma, St Louis, MO) (n = 3) or AT 2 R antagonist PD123319 (10 −6 mol/l; Sigma) (n = 3) for 16 h at 37 °C and 5% CO 2 , and then processed for RNA extraction. Kidney (P)RR mRNA levels were examined by quantitative RT-PCR.
Effect of Animal Sex on (P)RR Gene Expression
To determine whether there is any difference in the (P)RR gene expression between males and females during postnatal development, we compared (P)RR protein expression in male and female brain, kidney, lung, and heart on P10 (n = 3 animals per group).
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